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and NKG2D-triggered signaling through DAP10 resultsCalifornia Institute of Technology
in recruitment of the p85 subunit of phosphoinositidePasadena, California 91125
3-kinase (Wu et al., 1999). The phosphoinositide 3-kinase3 Department of Microbiology and Immunology and
pathway plays a critical role in regulating NK cytotoxicityCancer Research Institute
by promoting perforin and granzyme B movement to-University of California, San Francisco
ward target cells and DAP10-mediated cytokine produc-San Francisco, California 94143
tion (Jiang et al., 2000; Lanier, 2001). The pathway is
also involved in costimulation of T cell activation by
NKG2D or CD28 and of B cell activation by CD19 (CaiSummary
et al., 1995; Groh et al., 2001; Tuveson et al., 1993). Given
the wide distribution of NKG2D on immune effector cells,NKG2D is a potent activating receptor on natural killer
NKG2D-ligand interactions are likely to be critical in de-cells, T cells, and macrophages. Mouse NKG2D inter-
termining the outcome of a wide range of immune en-acts with two cell surface ligands related to class I
counters.MHC molecules: RAE1 and H60. We used soluble ver-
Target cell ligands for NKG2D have recently beensions of NKG2D, RAE1, and H60 to characterize their
identified. Mouse NKG2D recognizes cells expressinginteractions. RAE1 and H60 each bind NKG2D with
RAE1 and H60 proteins, which both contain predictednanomolar affinities, indicating tighter binding than
glycosylphosphatidyl inositol (GPI) membrane anchorsmost cell surface immune interactions, but NKG2D
(Cerwenka et al., 2000) and ectodomains related to thebinds to H60 with25-fold higher affinity than to RAE1.
peptide binding domains (1 and 2) of class I MHCRAE1 and H60 compete directly for occupancy of
molecules (Cerwenka et al., 2000; Diefenbach et al.,NKG2D, and, thus, NKG2D can be occupied by only
2000). RAE1 proteins were first identified from studiesone ligand at a time. The NKG2D-H60 interaction is
of retinoic acid-inducible cDNAs in embryonic cells (Zoumore temperature dependent and makes greater use
et al., 1996) and are abundantly expressed in fetal tis-of electrostatic interactions than the NKG2D-RAE1 in-
sues, but not in normal adult tissues (Nomura et al.,teraction. The distinct thermodynamic profiles provide
1994, 1996). Four isoforms of RAE1 (RAE1, , , andinsights into the different molecular mechanisms of
; related by 92%–95% sequence identity) have beenthe binding interactions.
identified, but differences in their function and expres-
sion patterns remain to be established (Cerwenka et al.,Introduction
2000; Zou et al., 1996). H60 was identified as a dominant
minor histocompatiblity antigen that triggers a powerfulCell surface receptors on immune effector cells can orig-
T cell response between MHC-identical mice by provid-inate signals leading to the activation or inhibition of
ing an antigenic peptide for presentation by H-2 Kb mole-the effector functions of the cell. The ectodomains of
cules (Malarkannan et al., 1998). The expression of H60activating and inhibitory receptors are typically immuno-
varies between inbred mouse strains, but has only been
globulin superfamily or C-type lectin-like proteins.
detected in some embryonic and tumor tissues and in
NKG2D is a homodimeric C-type lectin-like molecule
the adult spleen (Cerwenka et al., 2000).
that functions as an activating receptor on many immune Two distinct ligands have also been found for human
cells including natural killer (NK) cells, -T cells, CD8 NKG2D: the MIC and ULBP proteins (Bauer et al., 1999;
-T cells, and macrophages (Bauer et al., 1999; Diefen- Cosman et al., 2001). Like RAE1 and H60, MIC and ULBP
bach et al., 2000; Wu et al., 1999). Signaling through proteins share homology with the 1–2 domain region
NKG2D has a powerful and dominant activating effect, of MHC class I molecules, but MIC proteins also include
especially in NK cells (Bauer et al., 1999; Diefenbach a counterpart of the class I 3 domain and a polypeptide
et al., 2000). Inhibitory killer cell Ig-like receptor (KIR) transmembrane region (Li et al., 1999). MIC-A and MIC-B
receptors recognize major histocompatibility complex are minimally expressed on normal tissues, but upregu-
(MHC) class I molecules on target cells, and this interac- lated on stressed cells or tumor cells (Bauer et al., 1999).
tion inhibits NK cell cytotoxicity. The “missing self” hy- The ULBP proteins are expressed in a range of adult
pothesis proposed that these negative signals are domi- and fetal tissues (Cosman et al., 2001). In addition to
nant; such that cells expressing MHC class I molecules NKG2D, ULBP proteins bind to the human cytomegalovi-
are protected from NK cytotoxicity (Ljunggren and rus protein UL16, which may serve as a decoy receptor
Karre, 1990). However, recently discovered NKG2D- preventing these proteins from interacting with NKG2D
ligand interactions can override inhibitory signals re- (Cosman et al., 2001).
sulting from inhibitory receptor-MHC class I interactions The widespread distribution of NKG2D and the domi-
nance of the phosphoinositide 3-kinase pathway are
consistent with a central role for the NKG2D-ligand inter-4 Correspondence: bjorkman@its.caltech.edu
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actions in the activation of a uniquely broad range of injected over flowcell surfaces coupled with either
RAE1, H60, streptavidin, or an irrelevant control pro-immune effector cells. In addition, the conservation of
tein, and the specific binding response at equilibriumtwo ligand interactions for both mouse and human
was obtained (Figure 1A). Equilibrium dissociation con-NKG2D suggests an underlying functional significance,
stants (KDs) were derived from fitting to the predictedand, thus, the interactions of one receptor with two dif-
hyperbolic function for a 1:1 binding in the absence offerent ligands may not be equivalent. For these reasons,
cooperativity (Figure 1B). There is a close fit of all data toNKG2D-ligand interactions are the subjects of intense
a simple Langmuir binding model with 1:1 stoichiometrystudy, and their detailed molecular analysis is a major
(i.e., one homodimer of NKG2D binding to one monomerobjective. In particular, it has not been formally estab-
of RAE1 or H60) for both the NKG2D-RAE1 and thelished that NKG2D interacts directly with the ligands
NKG2D-H60 interactions. The 1:1 stoichiometry for boththat have been identified on target cells. For example,
interactions is confirmed by the molar ratio of the immo-cells that express RAE1 or H60 are recognized by
bilized protein on the chip surface to the maximal levelNKG2D (Cerwenka et al., 2000; Diefenbach et al., 2000),
of bound protein (1.05 0.12 for the NKG2D-RAE1 inter-but receptors related to NKG2D, the CD94/NKG2A, B,
action and 1.10  0.1 for the NKG2D-H60 interaction).and C proteins, offer a precedent for indirect recognition
KD values derived from equilibrium binding data dem-of ligand (O’Callaghan and Bell, 1998). These receptors
onstrated a significant difference in the affinity of NKG2Drecognize classical MHC class I molecules indirectly via
for immobilized H60 (KD  18.9 nM) compared to thatpresentation of a peptide component of the classical
for RAE1 (KD  486 nM) (Table 1). To confirm thatclass I molecule by the nonclassical MHC molecule
NKG2D binds to H60 with higher affinity than RAE1,HLA-E. An analogous mechanism could allow indirect
we conducted the binding experiments in the reverserecognition of RAE1 and H60 proteins by NKG2D. We
orientation by injecting RAE1 or H60 over biotinylatedsought to determine whether mouse NKG2D interacts
NKG2D bound to a streptavidin-coated biosensor chip.directly with RAE1 and H60 and, if so, whether the inter-
KD values derived from these experiments were in closeactions have distinct properties.
agreement with previous values (KD  26.5 nM for bind-Using soluble recombinant versions of mouse NKG2D,
ing to H60 and KD  586 nM for binding to RAE1) andH60, and the multiple RAE1 proteins, we performed a
again indicated a 20-fold higher affinity for binding todetailed analysis of the binding reactions. We find that
H60 than to RAE1. The other isoforms of RAE1 wereRAE1 and H60 compete for binding to NKG2D, implying
also evaluated for binding to immobilized NKG2D, re-a common binding site or allosteric inhibition. The
sulting in KD values of 690 nM (RAE1), 345 nM (RAE1),NKG2D-H60 interaction is of higher affinity than most
and 726 nM (RAE1). Thus, NKG2D binds with an aver-immune recognition interactions involving ectodomains
age of 25-fold higher affinity to H60 than to the fourof cell surface proteins, thus H60 out-competes the
forms of RAE1. These observations provide specificRAE1 proteins for NKG2D binding. The kinetic basis for
confirmation that NKG2D binds directly to both RAE1this difference arises from different on and off rates for
and H60 proteins, and that the two interactions occurthe two NKG2D interactions, and each binding reaction
independently and in the absence of accessory mole-displays different thermodynamic changes that yield in-
cules. In addition, the stability and functional bindingsights into the molecular mechanism of each recognition
properties of RAE1 and H60 proteins in the absence ofevent.
2-microglobulin or peptides suggest that these pro-
teins function as peptide-free monomers, similar to the
Results human NKG2D ligand MIC-A, which does not associate
with 2-microglobulin or endogenous peptides (Bahram
NKG2D Binds with Higher Affinity to H60 et al., 1994; Li et al., 1999).
Than to RAE1 To establish the kinetic basis for the substantially dif-
The ectodomains of NKG2D, RAE1, RAE1, RAE1, ferent affinities, we measured the on and off rates of
RAE1, and H60 were expressed in bacteria as insoluble the binding reactions. Kinetic studies were performed
inclusion bodies, refolded and purified. Purified proteins under conditions designed to minimize mass transport
migrated on gel filtration columns in positions corre- effects (Myszka, 1997) in both orientations with either
sponding to the appropriate molecular sizes for mono- the NKG2D ligands or NKG2D immobilized. The data
mers for each of the RAE1 proteins and H60 and a were fit to a 1:1 Langmuir binding model based on a
homodimer of NKG2D (data not shown), consistent with single class of noninteracting binding sites in a 1:1 bind-
the dimer observed in the mouse NKG2D crystal struc- ing interaction (Figure 1C) using global fitting algorithms.
ture (Wolan et al., 2001). Initial experiments were con- The KD values derived from the ratio of the off and on
ducted with RAE1, the best characterized RAE1 mole- rates are in close agreement with the affinities derived
cule (Cerwenka et al., 2000), and results were compared from the equilibrium studies (Table 1), and the data ob-
with those obtained using the three other isoforms. We tained in each orientation are highly consistent. These
used a surface plasmon resonance (SPR)-based assay results demonstrate that the higher affinity of the
with oriented coupling of the immobilized protein to NKG2D-H60 interaction results from a faster on rate
measure the binding affinities of NKG2D for RAE1 and and slower off rate than those of the four NKG2D-RAE1
H60. RAE1 and H60 proteins containing C-terminal rec- interactions. From the kinetic studies the calculated
ognition sequences for the biotinylating enzyme BirA half-lives under standard conditions at 25	C are 1.5 s
(Schatz, 1993) were biotinylated, then bound to strepta- for the NKG2D-RAE1 complex and 18.2 s for the
vidin-coated surfaces of biosensor chips (O’Callaghan NKG2D-H60 complex (0.5 and 7.8 s, respectively, at
37	C; see temperature dependent studies later).et al., 1999). Different concentrations of NKG2D were
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Figure 1. Biosensor Analyses of NKG2D Interacting with RAE1 or H60
(A) Sensorgrams from typical equilibrium-based binding experiments. NKG2D was injected over surfaces coupled with RAE1 (1941RU) or
H60 (612RU). Sensorgrams predicted from a simple Langmuir 1:1 binding model (black lines) are overlaid with the specific response derived
after subtraction of the background response from a control surface (dotted colored lines).
(B) Plots of the equilibrium binding response (Req) from the sensorgrams as a function of NKG2D concentration. Best-fit binding curves to the
experimental data are shown as thin red lines. Insets show Scatchard plots of the binding data.
(C) Sensorgrams from typical kinetics-based binding experiments. NKG2D was injected over surfaces coupled with RAE1 (30RU) or H60
(47RU). Global fitting of data to the 1:1 binding model is shown as thin blue lines.
Glycosylation Is Not Necessary for the NKG2D-RAE1 expressing RAE1 or H60. Similarly, unglycosylated tet-
rameric RAE1 or H60 bound specifically only to cellsor NKG2D-H60 Interactions
Tetrameric versions of NKG2D, RAE1, and H60 were expressing NKG2D. These results confirm that the pro-
teins used for the binding experiments interact with theirmade from bacterially expressed unglycosylated pro-
teins (see Experimental Procedures). Tetramers were natural ligands on the cell surface, and that it is not
necessary for NKG2D or its ligands RAE1 or H60 tolabeled with phycoerythrin and used in flow cytometry
experiments as shown in Figure 2. Unglycosylated tetra- be glycosylated for these cell surface receptor-ligand
interactions to occur.meric NKG2D protein bound specifically only to cells
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Table 1. Summary of Equilibrium and Kinetic Constants
Immobilized Protein Injected Protein KD (nM)a kon (M
1 s
1) koff (s
1) KDcalc (nM)b
H60 NKG2D 18.9  4.1 2.4  10
6 0.038 16
NKG2D H60 26.5  3.4 1.9  10
6 0.044 23
Rae1 NKG2D 486  97 7.3  10
5 0.46 643
NKG2D Rae1 586  45 7.1  10
5 0.30 529
NKG2D Rae1 690  18 4.2  10
5 0.24 581
NKG2D Rae1 345  12 8.2  10
5 0.31 378
NKG2D Rae1 726  20 3.7  10
5 0.38 1027
Rae1-Fcglycosylatedc NKG2D-Fcglycosylated 613  102
Rae1-Fcglycosylated NKG2Dnonglycosylated 581  87
NKG2D-Fcglycosylated Rae1nonglycosylated 657  96
H60-Fcglycosylatedc NKG2D-Fcglycosylated 20.2  2.7
H60-Fcglycosylated NKG2Dnonglycosylated 23.2  1.9
NKG2D-Fcglycosylated H60nonglycosylated 24.4  0.9
a KD values were derived from equilibrium-based binding analyses and are the mean standard deviation for experiments with nonglycosylated
proteins and the mean  standard error of the fit for glycosylated proteins.
b KD values calculated from the ratio of kinetic constants (koff/kon).
c Reverse orientations of these experiments were not conducted because the dimeric Fc fusion proteins bind more tightly to the immobilized
partner than the corresponding monomeric versions due to valency effects.
Although glycosylation is not necessary for NKG2D neously, aliquots of NKG2D were preequilibrated with
equimolar concentrations of one of RAE1, H60, an irrel-to bind RAE1 or H60, it could influence the affinity
of the interactions. Therefore, we compared binding of evant control protein, or buffer alone at concentrations
at least 2-fold above the measured KDs of the interac-bacterially expressed forms of NKG2D, RAE1, and H60
with counterpart proteins expressed in mammalian cells tions. These samples were injected over surfaces
coated with RAE1, H60, or neither. Figure 3 shows thatthat attach complex carbohydrates to O- and N-linked
recognition sequences. We see no significant differ- preequilibration of NKG2D with either protein reduces
the amount of binding to the immobilized form of thatences in the affinities of the interactions of glycosylated
and unglycosylated forms of the proteins (Table 1). protein. Moreover, preequilibration of NKG2D with
RAE1 reduces the binding of NKG2D to immobilized
H60, and, reciprocally, preequilibration of NKG2D withRAE1 and H60 Compete for Binding to NKG2D
H60 reduces the binding of NKG2D to immobilizedIn order to determine whether RAE1 and H60 compete
for binding to NKG2D, or whether they can bind simulta-
Figure 2. Binding of Tetrameric Unglycosylated Proteins to Proteins
on Living Cells
Figure 3. Competition between RAE1 and H60 for NKG2D Occu-(A) Flow cytometric analyses of NKG2D-transfected (blue) and un-
pancytransfected (green) Ba/F3 cells stained with phycoerythrin-labeled
unglycosylated RAE1 or H60 tetramers. Aliquots of NKG2D were preequilibrated with the indicated proteins
and equilibrated mixes were injected over biosensor surfaces cou-(B) Flow cytometric analyses of RAE1 or H60-transfected (blue)
and untransfected (green) Ba/F3 cells stained with phycoerythrin- pled with RAE1 or H60. Specific binding to each experimental
surface is shown.labeled unglycosylated NKG2D tetramers.
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Figure 4. Thermodynamic and Electrostatic Analyses of NKG2D-RAE1 and NKG2D-H60 Binding
(A) van’t Hoff analysis of affinity as a function of temperature. The natural log (ln) of KD values from equilibrium-based affinity measurements
is plotted against inverse temperature (range: 10	C–37	C for RAE1 and 20	C–37	C for H60). H is derived from the slope of the best-fit line
to the data points (slope  H/R). As H can change with temperature, van’t Hoff plots are not strictly linear and the H values obtained
apply with highest precision at the midpoint of the range of temperatures used for the fit.
(B) The log of KD values obtained from equilibrium-based affinity measurements is plotted versus the log of the sodium chloride concentration
(1 mM to 1 M). The slope of the best-fit line to the data points (SKobs) is a measure of the contribution of electrostatic attraction to the binding
affinity.
(C) Arrhenius plots of the natural logarithm of the on and off rates for the NKG2D interactions derived over a range of temperatures (20	C–37	C).
Solid lines show linear fits to the experimental data. The variation of the association and dissociation constants with temperature determines
the slope of the curve from which the enthalpies of association (H‡ass) and dissociation (H‡diss) can be determined, respectively (slope 

Ea/R, H‡  
Ea
 RT).
RAE1, demonstrating that H60 and RAE1 compete for H60 reaction has greater temperature dependence than
NKG2D occupancy. At equimolar concentrations, inhibi- the NKG2D-RAE1 reaction and so has a higher en-
tion of the NKG2D-RAE1 interaction by H60 is much thalpy. If both ligands are present simultaneously, this
greater than that of the NKG2D-H60 interaction by means that as the temperature is increased, for example,
RAE1, consistent with the higher affinity of the NKG2D- by fever, the ratio of NKG2D-RAE1 to NKG2D-H60 will
H60 interaction. increase. At 37	C, the KD values of the NKG2D-RAE1 and
NKG2D-H60 interaction are 942 and 96 nM, respectively,
and at 40	C the values are 987 and 139 nM, respectively,The NKG2D-H60 Interaction Is More Temperature
equivalent to a 40% rise in the proportion of boundDependent Than the NKG2D-RAE1 Interaction
NKG2D molecules which will be occupied by RAE1. FreeThermodynamic properties of the binding of NKG2D to
energy changes (G) calculated from the binding affinityRAE1 and H60 were compared by analyzing the tem-
were used to derive entropy terms (TS) for the reac-perature dependence of the binding affinities. We calcu-
tions. The NKG2D-RAE1 interaction has both a favor-lated the enthalpy (H) of each binding reactions by
able decrease in enthalpy and a favorable rise in entropyvan’t Hoff analyses of the temperature dependence of
upon binding. However, the NKG2D-H60 interaction hasKD values derived from equilibrium-based experiments
an unfavorable decrease in entropy, but a larger favor-(Figure 4A and Table 2). Both interactions weaken as
able decrease in enthalpy, which produces a net highlythe temperature rises, demonstrating that they are exo-
thermic reactions with negative enthalpies. The NKG2D- favorable free energy change.
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Table 2. Thermodynamic Parameters for the NKG2D-RAE1 and NKG2D-H60 Interactions
Interaction G (kcal mol
1) H (kcal mol
1) TS (kcal mol
1)
Overall binding
NKG2D-RAE1 
8.6 
5.2 3.4
NKG2D-H60 
10.5 
23.6 
13.1
Association parameters (‡ass)
NKG2D-RAE1 9.3 18.2 8.9
NKG2D-H60 8.9 1.7 
7.2
Dissociation parameters (‡diss)
HKG2D-RAE1 17.9 23.8 5.9
NKG2D-H60 19.4 23.4 4.0
Values for free energy (G) and enthalpy (H) are experimentally determined. G is determined from the relationship G  
R TlnKD and for
the association and dissociation parameters from the relationships G‡ass  
RT (lnkon 
 ln[kT/h]) and G‡diss  
RT (lnkoff 
 ln[kT/h])
respectively, where R is the gas constant, k is Boltzmann’s constant, and h is Planck’s constant. The overall enthalpy changes are derived
from the van’t Hoff analysis (slope  H/R). The enthalpy changes on association and dissociation are determined from the relationships
H‡ass  Eaass 
RT and H‡diss  Eadiss 
RT where Ea values are from the Arrhenius plots (slope  
Ea/R). The entropy term (TS) is calculated
from the relationship G  H 
 TS.
The NKG2D-RAE1 and NKG2D-H60 Exhibit NKG2D-H60 transition state (8.9 kcal mol
1) than for the
NKG2D-RAE1 transition state (9.3 kcal mol
1) consis-Different Activation Barriers for Binding
For binding to occur, two proteins must possess suffi- tent with the faster on rate of the NKG2D-H60 interac-
tion. However, the NKG2D-RAE1 transition state is as-cient energy to overcome the activation energy of the
reaction. As the number of high-energy molecules sociated with a large enthalpic input coupled to a
favorable entropic change, whereas the NKG2D-H60changes with temperature, the probability of the reac-
tion occurring changes, which alters the on and off rates. transition state is associated with only a small enthalpic
input and a significant unfavorable entropic change.For this reason, it is possible to gain insights into the
activation energy of the binding reaction by examining
the on and off rates as a function of temperature in an Electrostatic Interactions Play a Greater Role
in the NKG2D-H60 Interaction ThanArrhenius analysis. For both the NKG2D-RAE1 interac-
tion and the NKG2D-H60 interaction, the on and the off in the NKG2D-RAE1 Interaction
The strength of electrostatic forces operating betweenrates increase with temperature as expected (Figure 4C).
The extent of the increases in the rate constants with two molecules is substantially reduced in the presence
of a strong ionic agent such as sodium chloride.temperature reflects the heat change or enthalpy of acti-
vation (H‡) necessary for molecules to achieve the acti- Changes in the affinity of a protein-protein interaction
as the salt concentration is altered can be used to de-vated intermediate state from the bound or unbound
state, respectively. The free energy change (G‡) re- duce the extent of the electrostatic component to bind-
ing (von Hippel and Wong, 1965). Affinities derived fromquired to reach the activated or “transition” state can
be determined from the on and off rates themselves and equilibrium-based experiments were determined for
the NKG2D-RAE1 and NKG2D-H60 interactions acrossis illustrated in Figure 5. From the enthalpy and free
energy it is possible to determine the entropy changes a range of sodium chloride concentrations from 1 mM
to 1 M (Figure 4B). At 1 M NaCl, electrostatic forces(Table 2). The free energy change is lower for the
Figure 5. Free Energy Profiles of the NKG2D-RAE1 and NKG2D-H60 Binding Reactions
Reaction profiles illustrating the free energy changes occurring as NKG2D binds its ligands. The overall free energy changes of binding are
represented by the lower left arrows between the unbound and the bound state.
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between two proteins are effectively energetically abol- plays no obvious supporting structural role for these
domains (Li et al., 1999). Both RAE1 and MIC proteinsished (Record et al., 1976). Although both binding re-
are upregulated in transformed or tumor tissues, andactions of NKG2D are dependent on electrostatic inter-
RAE1 and ULBP are widely expressed in fetal tissuesactions to some extent, the slope of the curve is steeper
(Cerwenka et al., 2000; Cosman et al., 2001; Groh etfor the NKG2D-H60 interaction than for the NKG2D-
al., 1999). Cellular stress can upregulate MIC proteins,RAE1 interaction, suggesting that electrostatic forces
which are under the control of a heat shock promoterare more important in the NKG2D-H60 interaction. At 1
element, and the RAE1 proteins are upregulated by reti-M NaCl, the hierarchy of affinities is inverted such that
noid growth and differentiation signals (Cerwenka et al.,the NKG2D-RAE1 interaction is tighter than the
2000; Groh et al., 1998). Human cytomegalovirus hasNKG2D-H60 interaction. The free energy of binding at-
evolved a protein, UL16, that binds to MIC and ULBPtributable to electrostatic interactions can be deter-
proteins, and so blocks their interaction with NKG2D,mined from the affinities in the absence of salt and the
which argues for a key role of NKG2D in the immunepresence of 1 M NaCl. For the NKG2D-RAE1 inter-
response (Cosman et al., 2001).action, the free energy attributed to electrostatic in-
Here, we characterize the interactions between theteractions is 1.82 kcal mol
1, whereas the value for
ectodomains of NKG2D, RAE1, and H60. NKG2D bindsthe NKG2D-H60 interaction is nearly twice that at 3.89
both proteins with relatively high affinity (KD  486 nMkcal mol
1.
for binding to RAE1 and 18.9 nM for binding to H60)
compared to affinities of other measured immunologicalDiscussion
cell surface interactions. For example, the NKG2D-H60
interaction is nearly three orders of magnitude higherThe NKG2D receptor is expressed on a wide variety of
than that reported for the NKG2A/CD94-HLA-E interac-immune cells (Bauer et al., 1999; Diefenbach et al., 2000;
tion (KD  11.23 M) (Vales-Gomez et al., 1999), the KIR-Wu et al., 1999), and signaling through NKG2D triggers
class I MHC interaction (10 M) (Vales-Gomez et al.,a range of effector mechanisms including cellular cyto-
1998), and the interactions of the inhibitory receptortoxicity, cytokine secretion, and cellular proliferation
LIR-1 with class I MHC proteins (15–100 M) (Chapman(Lanier, 2001). Evolutionary conservation is consistent
et al., 1999). Other cell surface immune interactions arewith a key role for NKG2D, which is encoded at syntenic
also relatively weak, including class I MHC binding to Tchromosomal loci with 60% amino acid identity in mice
cell receptors (1–90 M) (Davis et al., 1998a; Willcox etand humans (Ho et al., 1998). In NK cells, NKG2D is a
al., 1999) and to CD8 (65–200 M) (Kern et al., 1999;highly potent activating receptor, and, in T cells, NKG2D
Wyer et al., 1999). The high affinity of the NKG2D interac-can act as a costimulatory molecule triggering the full
tion with ligand is preserved between humans and mice,range of T cell responses, even in the absence of CD28
because the KD of the interaction between human(Groh et al., 2001). In macrophages, NKG2D triggers
NKG2D and MIC-A has been estimated at 300 nM (Li etTNF production and NO release (Diefenbach et al.,
al., 2001). Although mouse NKG2D binds tightly to both2000). Such widespread and potent immunological ac-
H60 and RAE-1, the affinity for H60 is 25-fold higher
tivity is unusual and suggests a central role for NKG2D
than the affinity for binding RAE-1, which could be a
in the immune system.
critical difference at limiting levels of ligand. For an im-
Human and mouse NKG2D ligands have been identi-
munological receptor molecule to make two tight inter-
fied (ULBPs and MIC proteins in human; RAE1 and H60 actions of such different strengths is unusual. Similar
proteins in mouse) that share features suggesting that order differences have been reported, but in weaker
they are functional homologs. The chromosomal loca- affinity ranges for the CD80-CTLA4 (0.26 M) and the
tions of ULBPs on human chromosome 6 is syntenic CD80-CD28 (2.5 M) interactions (van der Merwe et al.,
with that of the RAE1 and H60 proteins on mouse chro- 1997) and for the CD2-CD48 (80 M) and CD2-CD58 (2
mosome 10 (Cosman et al., 2001; Malarkannan et al., M) interactions (Davis et al., 1998b).
1998; Nomura et al., 1996). All four classes of ligand The difference in the two NKG2D affinities results from
exist without the typical MHC class I interaction with both a faster on rate and a slower off rate for the NKG2D-
the 2-microglobulin light chain, but contain regions H60 interaction compared to the interactions between
homologous to the 1 and 2 domains, which serve as NKG2D and RAE1 proteins. However, both interactions
the peptide binding site in class I MHC proteins. MIC-A have relatively fast on rates compared to TCR-MHC
does not bind peptides, due to narrowing and partial class I interactions, which vary around 3  103–2  105
obstruction of the groove between the 1 and 2 helices M
1s
1 (Davis et al., 1998a; Willcox et al., 1999). The
(Li et al., 1999), and the sequences of ULBPs, RAE1, CD80-CTLA4 and CD80-CD28 interactions have been
and H60 proteins are missing critical residues that inter- considered to have fast on rates (van der Merwe et al.,
act with peptide in class I molecules (Madden, 1995). 1997), but the on rate reported here for the NKG2D-
Thus, all four NKG2D ligands are likely to be peptide H60 interaction is somewhat faster (Table 1). If lateral
free. Indeed, we have demonstrated high-affinity bind- diffusion is not limiting, fast on rates may increase the
ing between mouse NKG2D and RAE1 and H60 proteins probability that brief encounters between apposed
in the absence of peptide (Figure 1). Other similarities membranes will result in binding, which can trigger fur-
include the absence of the 3 domain and the presence ther signaling or recognition events. As the off rate for
of a predicted GPI linkage to the membrane for RAE1, H60 is slower, NKG2D will remain complexed to H60
H60, and the ULBPs (Cerwenka et al., 2000; Cosman et for longer than to RAE1, and the longer half-life of the
al., 2001). For the MIC proteins, the 3 domain is joined NKG2D-H60 could allow more substantial membrane
and other cellular reorganizations to occur upon binding.only by a flexible linker to the 1 and 2 domains and
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Thermodynamic analysis provides insight into the mo- positions on the interacting surfaces (Stites, 1997) to
the bulk solvent water phase.lecular mechanisms of the different NKG2D binding re-
actions. The overall free energy changes (G) for NKG2D Thermodynamic profiles of activated states can be
informative about the dynamics of a binding process.binding to H60 and RAE1 are within the range expected
for protein-protein interactions (Stites, 1997) and strongly The activation energy barrier for H60 is lower than that
for RAE1 (Table 2), and the entropic changes associatedfavor the H60 interaction (Table 2). However, the en-
thalpy change we derive from van’t Hoff analysis for the with the activated state for H60 are consistent with a
dominant effect from the stabilization of flexible loopsH60 interaction is large at 23.6 kcal mol
1 compared to
the average H for protein-protein interactions of 
8.6 or other portions of the proteins. We assume that once
the correct conformation of the proteins is established,kcal mol
1) (Stites, 1997). Conversely, the H for the
RAE1 interaction is lower than average at 
5.2 kcal the complex would be energetically stabilized by bond
formation, which would cause the large observed en-mol
1. While both reactions have favorable enthalpy
changes, the entropic changes are favorable only for thalpy change. For RAE1, the high entropy of the acti-
vated state is consistent with a dominant effect of dis-the RAE1 interaction. When NKG2D binds to H60, the
large enthalpy change represents a substantial release placement of bound water into the surroundings. The
activated state could then undergo an energetic relax-of energy, which indicates the net formation of multiple
new chemical bonds. As these are not covalent bonds, ation upon favorable bond formation and an acceptable
reduction in entropy as the complex is structurally stabi-they could be electrostatic interactions, hydrogen
bonds, or van der Waal forces. Electrostatic forces play lized.
The relationship between the affinities of proteins ina major role in H60 binding and from the free energy
calculations in the absence and presence of 1M NaCl, solution with 3D mobility and those attached to mem-
branes with predominantly 2D mobility has been consid-we estimate that they contribute 37% of the free energy
of binding. By comparison, RAE1 binding is associated ered in detail (Bell, 1978). Studies of interactions be-
tween GPI-linked membrane-bound proteins show thatwith a smaller favorable enthalpy change and a smaller
contribution to the free energy of binding from electro- the ratio between the 3D solution affinities of CD2 for
its two ligands is similar to the ratio between the 2Dstatic effects (21%). The structure of mouse NKG2D
shows a central electropositive region at the putative affinities of their membrane-bound counterparts (Dustin
et al., 1997). The 3D KD is related to the 2D KD by thebinding site consistent with these observations (Wolan
et al., 2001). The high-temperature dependence of the confinement region () in which the molecules interact
(Bell, 1978). This region represents the distance betweenNKG2D interactions is of direct functional significance.
As temperature rises, the affinity of both NKG2D interac- the two membranes, i.e., the height of the volume in
which the molecules are contained. If the confinementtions falls, but the effect is much greater for H60 (Figure
4A). Because the H60 and RAE1 proteins compete for region for both NKG2D interactions is considered to be
similar to that determined for the CD2 binding reactionsbinding, only one ligand can occupy NKG2D at a time.
For this reason, when the body temperature rises as in (5.5 nm) (Dustin et al., 1997), then the predicted 2D
affinity would be 0.36 molecules/m2 for RAE1 and 0.015fever, the relative importance of RAE1 in NKG2D occu-
pancy will increase substantially. molecules/m2 for H60. These figures are of compara-
tive value only, but illustrate how the quantitative rela-The fall in entropy on NKG2D-H60 binding could result
at least in part from structural stabilization of the protein- tionship between 3D and 2D affinities would be approxi-
mately conserved under these circumstances. As NKG2Dprotein interface. Similar reductions in entropy seen with
antibody-antigen binding and TCR-MHC class I binding and its ligands are smaller molecules than CD2 and its
ligands, a slightly smaller confinement region may applyhave been attributed to the loss of flexibility of loops on
the receptors (Leder et al., 1995; Willcox et al., 1999). to the NKG2D interactions, which would result in even
lower 2D KD values.Such a loss of flexibility could arise from either NKG2D
or H60. The crystal structure of NKG2D contains loops at Plasma membranes contain lipid microdomains or
rafts that have reduced 2D fluidity because of their highthe putative binding site whose free solution conformers
could be stabilized by interaction with H60, causing an sphingolipid and cholesterol content (Simons and Iko-
nen, 1997). GPI linked proteins are preferentially en-overall fall in entropy (Wolan et al., 2001). The crystal
structure of the NKG2D-MIC-A complex shows an in- riched in membrane rafts as a result of the lipid anchors
(Casey, 1995). During cellular recognition, there may, bycrease in the ordering of a portion of one of the  helices
of MIC-A on binding (Li et al., 2001). Although the on analogy with B cell and T cell receptor biology (Cheng
et al., 1999; Fahmy et al., 2001), be active clustering ofrate for the NKG2D-H60 interaction is faster than that
for the TCR-class I MHC interactions, this may be in NKG2D molecules on the effector cell to the contact
zone. In combination with raft enrichment of the ligands,part a result of significant electrostatic steering effects
(Buckle et al., 1994). A reduction in entropy could arise this could substantially increase the probability of an
NKG2D-ligand interaction. Membrane rafts exist prefer-from incorporation of water molecules on binding, but
the net effect of solvent changes in protein-protein inter- entially in the apical plasma membrane of polarized cells
such as gut epithelia (Simons and Ikonen, 1997). If thereactions is typically a favorable rise in entropy due to the
net expulsion of water from the binding interface (Stites, is a low level of constitutive ligand expression in such
cells, the pathological disruption of the tight junctions1997). In contrast, the entropic change on NKG2D-RAE1
binding is favorable, but binding would not be expected that can occur with inflammation or tumorigenesis (Qui-
nonez and Simon, 1988) would allow ligands in the raftsto increase the flexibility of the proteins. Instead, binding
of RAE1 may result in a favorable increase in entropy by to diffuse around the membrane onto the basolateral
surfaces where they would be exposed to NKG2D ondisplacing sufficient water molecules from their ordered
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acetate (pH 5.5) and injected at 0.5 mg/ml. Immobilization levelsNK cells, thus rendering the diseased cells vulnerable
ranged from 4500–8000 response units (RU). Biotinylated proteinsto destruction.
were immobilized at the required levels (200–2000 RU for equilib-Our results demonstrate that soluble RAE1 and H60
rium-based experiments and 20–80 RU for kinetic experiments) by
can bind to NKG2D receptors with relatively high affinity. injection over the streptavidin-coupled surfaces. Fc fusion proteins
Soluble forms of RAE1, H60, and ULBP might be pro- were coupled to the streptavidin-coated chip surface via biotinyl-
ated protein A (Sigma, MO). In all experiments, the signal from flowduced in vivo by phospholipases secreted by micro-
cells coated with the protein of interest was compared to the signalorganisms such as trypanosomes and bacteria (Alape-
from mock-coupled cells or cells coupled with an irrelevant proteinGiron et al., 2000; Andrews et al., 1988). In the small
to control for any nonspecific effects. Control proteins used includedvolumes around pathogens or damaged cells, we calcu-
soluble class I MHC proteins and a C-type lectin-like protein identi-
late that only attogram quantities of soluble ligand would fied from human ESTs (C.A.O’C., unpublished data). In all experi-
be necessary to achieve significant NKG2D occupancy, ments analyzed, the experimental trace returned to baseline after
corresponding to around 102–104 soluble molecules per each injection of analyte protein (Figures 1A and 1C).
KD values were obtained by nonlinear curve fitting of the Langmuircell volume (see Experimental Procedures). Cleaved ver-
binding isotherm (bound  C*max/(KD  C), where C is analytesions of RAE1 and H60 could thus act as local humoral
concentration and max is the maximum analyte binding) to the dataactivating molecules to stimulate NK cells, T cells, or
using the Levenberg-Marquardt algorithm as implemented in the
macrophages or as pathogen-induced decoy ligands program Origin (version 6.1; Microcal Software, Northampton, MA)
preventing cell-cell recognition by NKG2D. and verified by Scatchard analysis. For kinetic analyses, mass trans-
port effects were minimized by lowering the levels of immobilized
protein and increasing the flow rates until no further increases inExperimental Procedures
the kinetic constants were detected (Myszka, 1997). Binding stoi-
chiometries were determined from the molar relationship betweenProtein Expression and Purification
the level of immobilized protein on the chip surface and the maxi-The portion of the mouse NKG2D cDNA encoding the ectodomain
mum level of soluble protein binding (Rmax) determined from the(residues 100–232) was subcloned into the T7 expression plasmid
equilibrium affinity analyses (ligand/analyte  [immobilized RU/pGMT7 (O’Callaghan et al., 1998). Another NKG2D expression plas-
Molecular mass of ligand]/[Rmax/Molecular mass of analyte]). Anal-mid was constructed to encode an N-terminal BirA recognition se-
ysis of kinetic data was performed with the BIAevaluation softwarequence (LNDIFEAQKIEW) (Schatz, 1993). The proteins were ex-
version 3.1 (Biacore AB) and the global fitting software Clamp v3.3,pressed as insoluble inclusion bodies in Escherichia coli and
which can fit data derived from different flow cells (Morton andrefolded as described (Garboczi et al., 1992; O’Callaghan et al.,
Myszka, 1998). Temperature changes were all reversible. Half-lives1998). Briefly, inclusion bodies were solubilized in urea or guanidine
and refolded by dilution into an arginine buffer containing a glutathi- of the bound complexes were calculated from the rate equation for
one redox couple. The ectodomains of H60 (residues 20–213 of the a first order decay (t1/2 ln2/koff).
full length protein) and the RAE1 proteins (residues 28–205 of the Protein concentrations were determined from the absorbance at
full length RAE1 , ,  proteins, and residues 28–201 of the full 280 nm using the following calculated molar extinction coefficients
length RAE1 protein) were expressed in bacteria with and without (molecular weights): RAE1 29310 M
1cm
1 (20521 Da), RAE1
C-terminal BirA recognition sequences (GSLHHILDAQKMVWNHR) 29310 M
1cm
1 (20530 Da), RAE1 30590 M
1cm
1 (20413 Da),
(O’Callaghan et al., 1999) and refolded from inclusion bodies as RAE1 22340 M
1cm
1 (19785 Da), H60 29280 M
1cm
1 (21501 Da),
described for NKG2D. Refolded proteins were purified by size exclu- and NKG2D dimer 77860 M
1cm
1 (30720 Da).The biological activity
sion gel filtration using an AKTA FPLC machine (Pharmacia, Upp- was determined to be effectively 100% by a precipitation assay in
sala, Sweden) and Superdex 75 or 200 columns, followed by ion which biotinylated RAE1, H60, or NKG2D bound to streptavidin-
exchange chromatography using mono Q or mono S columns (Phar- coated sepharose beads (Sigma, MO) effectively precipitated all of
macia). their soluble binding partner from solution. For electrostatic studies,
The ectodomains of RAE1 (residues 28–230) and H60 (residues full activity was verified at different salt concentrations. Purified
30–214) were cloned into the CDM8 vector LL893 to encode protein was subjected to size exclusion gel filtration over a high
C-terminal human Fc fusion proteins as described (Phillips et al., resolution 10/30 Superdex 75 or 200 column into the same running
1996). The ectodomain of mouse NKG2D (residues 94–232) was buffer used in the experiments and stored at 4	C and used without
cloned into the CDM8 vector LL576 (Phillips et al., 1996) to encode further concentration within 24 hr. This excludes possible multiva-
an N-terminal human Fc fusion protein (Cerwenka et al., 2000). Fc lent aggregates and minimizes signals caused by buffer changes
fusion proteins were expressed by transient transfection of COS at the surface.
cells or murine COP 5 cells, harvested from cell supernatants by 2D KDs were calculated from 3D KDs by multiplying the 3D KD by
protein A affinity chromatography and purified by size exclusion gel , where  is the confinement region in which the molecules interact
filtration on a Superdex 200 column. BirA enzyme was made in E. (Bell, 1978). The necessary corrections were made for the loss of
coli and used to biotinylate proteins containing a BirA recognition one degree of translational energy (RT/2) and one degree of rota-
sequence as previously described (O’Callaghan et al., 1999). tional free energy (RT). Estimations of soluble ligand requirements
assumed 10% NKG2D occupancy (2 nM H60 or 50 nM RAE1) and 10
m diameter cells packing with mean interstitial volumes of 100–500Surface Plasmon Resonance Experiments
m3 per cell.Surface plasmon resonance experiments were performed using a
Biacore 2000 machine (BIAcore AB, Uppsala, Sweden). All biosensor
experiments were conducted using orientated coupling of the immo-
Production of Tetrameric RAE1, H60, and NKG2Dbilized protein on the biosensor chip, achieved via coupling of biotin-
and Flow Cytometryylated proteins to streptavidin-coated biosensor chips. The site-
A 4-fold molar excess of biotinylated protein was added to phyco-specific biotinylation used for attachment to the biosensor chip
erythrin-conjugated extravidin (Sigma, MO) to produce tetramericsurface mimics the topological relationship of the native protein to
complexes that were used directly to label cells for flow cytometricthe cell membrane. No binding was detectable when the proteins
analysis. Cells were washed in cold PBS (0.01% w/v azide) andwere attached to the surface with random primary amine coupling.
preblocked with 1% v/v serum for 5 min on ice and then washedCarboxymethylated dextran matrix CM5 Research Grade chips
again in cold PBS (0.01% w/v azide). Cells were then incubated withwere used with filtered and degassed HBS-EP (10 mM HEPES [pH
fluorochrome-labeled tetrameric protein (10 M) for 1 hr at 4	C.7.4], 150mM NaCl, 3mM EDTA, 0.005% polysorbate 20 (v/v) buffer
Cells were then washed twice in cold PBS (0.01% w/v azide) and[BIAcore AB]). Streptavidin (Sigma, MO) was covalently coupled to
fixed in 1% v/v formaldehyde in PBS. Cells were analyzed on achips via primary amines using the Amine Coupling kit (BIAcore
AB). For coupling, the streptavidin was dissolved in 10 mM sodium Becton-Dickinson FACScan using the CellQuest program.
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